• Various regressive facies are described on a high-relief carbonate platform.
Introduction
Subaerial exposure of the top of carbonate platform are typically marked by hiatuses associated with karst features (Esteban & Klappa, 1983) . The entity, thickness of the platform affected by karst phenomena and facies (depositional vs. erosional/dissolution events) is controlled by different factors, such as duration of the subaerial exposure, amplitude of the relative sea-level fall, architecture of the exposed platform and climate conditions (typically controlling temperature and precipitations).
For bathymetric reasons, flat-topped, high-relief carbonate platforms are especially prone to record subaerial exposure events on wide areas. Karst features on high relief carbonate platforms, frequently marking the demise of carbonate platforms, have been observed and described both at surface and in subsurface.
To understand the processes that control the effects of the subaerial exposure and the distribution of the associated facies, which are extremely important for the hydrocarbon research as enhanced porosity is frequently associated with these surfaces, it is necessary to describe the types of karstic associations on a platform top and their areal distribution. The distribution of karstic associations is fundamental to identify local vs. regional factors controlling karst development. Changes in facies and thickness of karst deposits on the platform top may reflect uneven distribution of accommodation space of a carbonate system, able to enhance or smooth the effects of a sea-level fall. Distribution of accommodation space in a carbonate platform may be essentially controlled by syndepositional tectonics, magmatic activity and compaction-induced subsidence.
Compaction-induced subsidence, although less detectable from outcrop evidence, is most effective in high-relief prograding platforms, where early-lithified sediments prograde over unconsolidated basinal deposits (Hunt et al., 1996) . Due to different compositions and early-diagenetic processes, carbonate platform and basinal sediments follow markedly different depth-porosity curves, basinal lithologies being more prone to compaction (Sclater and Christie, 1980; Goldhammer, 1997) . The role of differential compaction in creation of accommodation space is known as an important factor potentially controlling the geometry of sedimentary wedges (e.g., Shinn & Robbin, 1983; Suppe, 1985; Doglioni & Goldhammer, 1988; Skuce, 1994; Carminati and Santantonio, 2010) , and can be understood coupling numerical modelling with field observations. Differential compaction between reefal rocks and internal lagoon or slope sediments has been recognised either in the subsurface (e.g., the Devonian carbonate platform from Canada; Anderson & Franseen, 1991) or in outcrop (e.g., the Cretaceous-Oligocene Maiella Platform margin; Rusciadelli & Di Simone, 2007 ).
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The distribution of different type of karst-related features on a prograding carbonate platform can mirror changes in accommodation space potentially resulting from differential compaction of basinal sediments. The demise of the high-relief, steep slope, prograding Ladinian-Early Carnian carbonate platforms of the Esino Limestone (Central Southern Alps of Italy) was triggered by a regressive event (Mutti, 1994; Gaetani et al., 1998; Berra, 2007) , marked on the platform top by a subaerial exposure associated with different erosional (mainly karst-related), depositional and diagenetic processes (Calcare Rosso). Favourable exposures and a well-preserved platform architecture ( Fig. 1 ) permit the reconstruction of the relationships between the carbonate platform facies deposited before the subaerial exposure and those related to the exposure event. This provides the opportunity, rare in the geological record, to unravel the possible relationships between the paleogeography of a high-relief carbonate platform and the types of karst features related to a sea-level fall. In this study, we discuss the importance of post-depositional compaction-related subsidence in the creation of accommodation space during the demise stage of the Ladinian Esino
Limestone carbonate platform and evaluate its feasibility with ad-hoc numerical models.
Geological setting
The Southern Alps represent the south-verging part of the collisional Alpine belt (Handy et al, 2010) , storing a Permian-Tertiary succession deposited after the Variscan orogeny (Bertotti et al., 1993; Berra & Carminati, 2010) . The Late Anisian to Early Carnian succession of the Southern Alps is characterised by the presence of thick carbonate platform sediments separated by basinal troughs and seaways onto which they prograde (Fig. 1 ). These platforms, isolated toward the Dolomites, frequently merge into wider flat-topped carbonate platforms in Lombardy (Esino Limestone, Western Southern Alps; Fig. 1 ). The depositional architecture of the Lombardy platforms (Assereto & Casati, 1965; Assereto & Kendall, 1971; Jadoul et al., 1992; Berra, 2007) reflects different evolutionary stages (Berra et al., 2011) : an inception stage followed by an aggradational stage with increasing water depth in the basins and a later progradational stage. The flat-topped Esino Limestone platform reaches a maximum thickness of about 800 m and rapidly pinches out basinward with steep slopes (dipping about 35°) consisting of clinostratified breccias, with a platform to basin relief that reaches about 600-700 m (Berra et al., 2011) .
This evolution reflects changes in accommodation space, which control the type and storage sites of the sediments produced by the carbonate factory as well as the geometry of the carbonate platform.
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The aggradational stage of the Esino Limestone corresponds to reduced sedimentation in the basins (i.e. sediments are stored on the platform top) whereas during progradation resedimented limestones are more common in the basin (Berra et al., 2011) .
Close to the Ladinian-Carnian boundary, a major sea-level fall is recorded in Lombardy by a lithostratigraphic unit characterised by regressive carbonate facies with evidence of subaerial exposures ("Calcare Rosso", Assereto & Kendall, 1971; Assereto & Folk, 1980; Jadoul & Rossi 1982 , Gaetani et al, 1998 Mutti, 1994; Berra, 2007; Vola & Jadoul, 2014) , covering the flat top of the carbonate platform of the Esino Limestone. The Calcare Rosso builds a wedge, thickest (and well exposed) in middle Brembana Valley, where it consists of up to 60 m of cyclic peritidal limestones characterized by prevailing supratidal facies and evidence of multiple-stage karstification associated with lenses of carbonate breccias, precipitation of different generations of early carbonate-cement, internal sediments and development of mature tepees, loferitic breccias and terra rossa paleosols. The Calcare Rosso rapidly thins out northward to a few meters of red to grey paleosols and carbonate breccias, both related to superficial deposition and collapses of karst cavities. Locally (toward the east), volcanic deposits are present at the top of the Esino Limestone. The subaerial exposure of the Ladinian platforms can be traced, despite strong differences in thickness and facies associations, throughout the Lombardy Basin and probably all over the Southern Alps (Jadoul et al., 2002) . Subaerial exposure rapidly halted the carbonate production on the platform top, while a major input of clay (probably reflecting a climate change and/or lowering of the base level) is recorded in the basin. Clay deposits onlap the slope of the previous carbonate system. The age of this event, constrained by biostratigraphic data in basinal successions (Balini et al., 2000) , is early Carnian. Mutti (1994) interprets the Calcare Rosso as a complete third order sequence, bounded at the base and at the top by two major erosional surfaces that represent the sequence boundaries.
This fall in sea level occurring close to the Ladinian-Carnian boundary is well known in shallowwater carbonate platform settings of the western Southern Alps and produced a starvation episode in the basin (Berra, 2007; 2012) due to the demise of the carbonate platform caused by the subaerial exposure of the platform top. The amplitude of the sea-level fall is still debated: report the existence of karstic cavities up to 30-60 m from the platform top, Mutti (1994) suggests a sea-level drop of about 80 m, whereas new data (Binda, 2010) Jadoul et al., 1992; Berra, 2007; Berra et al., 2011) .
Due to the progradation of the Esino Limestone before the sea-level fall, the evidence of the subaerial exposure of the platform top is recorded on different facies of the Esino Limestone.
Toward the core of the platform, exposure-related facies directly rest upon inner platform facies of the Esino Limestone, whereas toward the platform rims, the Calcare Rosso directly covers marginal or reefal facies. 
Calcare Rosso: facies type, distribution and controlling processes
The Calcare Rosso unit, introduced by , classically defines an up to 60 m thick succession of cyclic peritidal limestone, rich in tepee structures, repeatedly capped by terra rossa paleosols, and filled by a great variety of fibrous-radial marine cements, and internal sediments.
Recent geological mapping (ISPRA, 2012a) extended the definition of Calcare Rosso to different types of facies (mostly documented by residual breccias, karst features and dm-thick red clay deposits) that represent lateral, thinner equivalents of the classical Calcare Rosso.
The top of the Esino Limestone platform records spectacular evidence of ancient polyphase karst related to subaerial exposure of the carbonate platform, (Assereto & Kendall, 1977; Mutti, 1994; Vola & Jadoul, 2014 
Type 1) Residual breccia and red clay
This facies association is characterized by the occurrence, with different proportions, of intraformational breccias and red claystones (Fig. 2) . The term residual breccias was introduced by Norton (1917) to describe breccia deposits developed on karst topographies.
The residual breccias generally consist of lenses of variable (0.3 to 4 m) thickness, with lateral extension up to tens of meters. Breccia lenses are massive, often amalgamated or poorly bedded (only the thicker deposits), locally with crude inverse or normal grading, associated with terra rossa horizons. Basal erosive contacts with underlying deposits and sharp and flat top boundary ( Fig. 2) are common. Breccia deposits are often capped by faintly laminated calcarenites or millimetre-scale breccias ( Fig. 2) . Locally, yellow-greenish tuffaceous levels (<10 cm thick) and grey-dark grey wackestone and packstone (10-15 cm thick) are intercalated.
Pebbles (with a size ranging from 0.5 to 5 cm on average) consist of gray to dark gray limestones, The microfacies of the clasts consist of grey fenestral peloidal wackstone/packstone, boundstone, algal, oncoidal packstone/grainstone and dark-dark grey laminated limestone. The presence of subtidal and intertidal facies in the clasts suggests they may derive partly from the inner platform facies of the Esino Limestone and partly from the karstification and reworking of the Calcare Rosso.
The terra rossa layers and the red matrix consist of red clay containing abundant evidence of pedogenesis such as peds, clay matrix, iron-rich nodules and aggregates, illuvial clay, contractional fractures; Fig. 3 ). Locally, dolomitization is associated with the residual breccias (Fig. 2) . The matrix of the residual breccias locally consists of reddish dolomitized microspar and green clay.
This facies association is characterized by rapid and sharp facies changes, but it can be followed in large parts of the flat-topped carbonate platform of the Esino Limestone. Locally, residual breccias 8 have been observed at the base of the typical facies of the Calcare Rosso, close to the prograding rims of the Esino Limestone platform.
Type 2) Endokarst on inner platform facies
The type 2 facies association, locally missing or strongly reduced, is frequently associated with cavities and fractures in the underlying uppermost part of the Esino Limestone, interpreted as endokarst features ( 
Type 3) Peritidal-supratidal carbonates affected by multiple subaerial exposures
This typical facies of the Calcare Rosso, up to about 60 m thick, has been the subject of detailed studies Assereto & Kendall, 1977; Mutti, 1994; Vola & Jadoul, 2014) . It bears the spectacular evidence of alternating carbonate deposition and subaerial exposures (Fig. 6 ), which generated rocks quarried since the Renaissance as decorative stone (known as Arabescato Orobico).
The unit is characterized by the presence of several unconformities marked by paleokarst and paleosols with terra rossa. These surfaces can be hierarchically arranged, identifying episodes of deposition, dissolution/karstification, calcite cement precipitation (Vola & Jadoul, 2014 Upper and lower limits generally correspond to unconformities; the latter, in particular, is characterized by an evident regional disconformity with subaerial exposure, local karstification, and residual-collapse breccia lenses up to 10 m thick (Assereto et alii, 1977; Binda, 2010) (Fig. 2) .
Sedimentary dikes often penetrate for several meters downwards in the underlying platform, filling paleokarst pockets and fractures with terra-rossa sediments Binda, 2010; Berra et al., 2011; Vola & Jadoul, 2014) . Some major, laterally continuous red paleosols represent marker horizons in the lower and middle part of the Calcare Rosso (Vola & Jadoul, 2014) . The upper boundary with the Breno Fm is characterized by few decimeter-thick greenish to reddish marly clay intercalations associated with grey peritidal limestones that laterally pass to terra-rossa paleosols and grey supratidal limestones with tepees.
Relationships between facies and thickness
The distribution of the three different facies associations recognized in the Calcare Rosso identifies a regular distribution, allowing the identification of two main facies domains on the platform top:
one characterized by the exclusive presence of facies associations 1 and 2 (residual soils and endokarst) and one dominated by the typical facies of the Calcare Rosso. These two domains are also characterized by a different thickness of the exposure-related deposits, ranging from 1 to 5 m on average for facies association 1 and 2 and up to 60 m for facies association 3 (Fig. 7) . This difference permits, despite the irregular distribution of outcrops, the reconstruction of a map. The map highlights that the thickness change is gradual but not linear from the core of the platform top to the rims. The thickness remains roughly constant for most of the inner platform, whereas a relatively rapid increase is observed (from 3 m to 60 m) toward the edge of the underlying Esino
Limestone platform, in a belt 1.5-6 km wide (Fig. 7) . The relationships between facies association and thickness of the Calcare Rosso and of the subaerially-exposed flat top of the Esino Limestone and absent or episodic deposition in facies type 1 and 2 can be explained suggesting the existence of high-frequency cycles with sea-level inundating the platform top where accommodation was higher (i.e. subsidence and sea-level fall curves frequently intersect) for facies type 3, but not able to flood the inner part of the platform where the rate of sea-level fall was higher than the subsidence (facies type 2 and 3; Fig.8 )
As the depositional architecture of the Esino Limestone is characterized by a rapid progradation before the subaerial exposure of the platform top, the external part of the high-relief platform is characterized by a vertical evolution from basinal facies covered by slope breccia and, eventually, by reef facies, which are bordered, on the landward side, by high-energy, open platform facies.
Inner platform facies at the core of the platform, instead, rest upon several hundred meters of peritidal carbonates, typically aggrading form the platform inception to the final subaerial exposure (Jadoul et al., 2002; Berra et al., 2011) .
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Facies distribution and controlling processes
The relationships between the exposure-related successions and the underlying platform suggests a strong control by the depositional architecture of the Esino Limestone on the facies distribution of the Calcare Rosso (Fig. 7) . Accommodation space changed from the core of the Esino Limestone platform to its rims, where the Calcare Rosso reached its maximum thickness (60 m Rosso seems to be independent from the position of the volcanic deposits, so that a role of the volcanic activity on the facies distribution can be excluded.
The evident relationship between the facies associations of the Calcare Rosso and the facies of the Esino Limestone suggests a role played by the architecture of the high-relief, flat-topped carbonate platform. The architecture of the Esino Limestone is characterized at a regional scale by the rapid progradation of slope facies toward the basin (Jadoul et al., 1992; Berra, 2007; Berra et al., 2011) .
The prograding slope facies consist of clast-supported, early-cemented breccias (Jadoul & Frisia, 1988; Frisia-Bruni et al., 1989 ) prograding on basinal fine-grained turbidites (Jadoul et al., 1992; Berra et al., 2011 ). This architecture is responsible for the progradation of these breccia bodies above 100 m to more than 200 m thick fine-grained basinal calciturbidites (Fig. 9) , observed where the base of the prograding platform is preserved (e.g. Berra, 2007; Berra et al., 2011) .
Unfortunately, below the prograding facies of the Esino Limestone covered by the thickest succession of the Calcare Rosso, basinal facies do not crop out. Here, it is therefore impossible to measure the thickness of the basinal succession. Nevertheless, local evidence (the presence of a thick succession of Carnian deposits filling an inherited depression just south of the study area; Garzanti & Jadoul, 1985; ISPRA, 2012a) as well as the regional evolution of the platform suggest the presence of a basinal succession from 100 to 200 m thick, similar to that observed in all the prograding flanks of the Esino Limestone. Considering this as a present thickness, we can expect that the uncompacted thickness of the basinal succession was higher and an original thickness from about 150 m to about 300 m was consequently assumed in the following numerical modelling.
These basinal facies (mostly wackestone and packstone) underwent rapid and considerable compaction. This is documented by microfacies observations from the fine-grained, bedded basinal limestone ( Fig. 9) , indicating that compaction of the basinal sediments is strongly controlled by the nature of the sediments and by the microfacies type (Fig. 9) . The differential compaction of these basinal sediments likely produced the changes in the accommodation space of the Calcare Rosso, as discussed in the following section.
Numerical models of creation of accommodation space induced by compaction
Modelling technique
Different models were built to simulate the evolution (aggradation and progradation) of the Esino carbonate platform by progressively adding layers from deepest to shallowest, while compacting the underlying sediments, in order to evaluate subsidence (and accommodation space for the Calcare Rosso) due to compaction after the deposition of the youngest strata and the demise of the carbonate platform (Fig. 10) . Our model geometry (Fig. 11) was based on the 2D reconstruction of the geometry of the platform-basin system shown in Fig. 1 . Owing to early cementation, the Esino limestone is assumed as uncompactable, whereas, during deposition of the Esino Limestone, the basinal sediments are progressively compacted.
The compaction procedure is applied to 1D successions of sedimentary strata. The distance domain of the basin (x) is discretized every 10 m. Our models do not account for the effect of water load on compaction. We assume that compaction of the basinal sediments is exclusively depth-dependent.
Compaction should have occurred progressively during the deposition of carbonate platform (assumption widely accepted and utilized in the literature, since it is consistent with studies on carbonates in the offshore of south Florida, where porosity reduction is mainly depth-controlled; Schmoker & Halley, 1982) produced on the platform top) whereas, if sea-level falls, the basinward-dipping geometry of the platform top is preserved on the exposed part of the platform (unit number 5).
As it will be discussed, this post-depositional subsidence is proposed to be the possible origin of the development of accommodation space for the Calcare Rosso.
To simulate compaction, we adopt Athy's (1930) exponential porosity vs. depth relationship:
where  is the porosity associated with a sedimentary load of y (in kilometers), 0 is the porosity of a specific lithology at its deposition, and c is coefficient generally derived from measurement of porosity at different depths in boreholes. In order to analyze the sensitivity of the models to the lithology of the basinal sediments, we performed simulations assuming the parameters, taken from Sclater & Christie (1980) of chalk (highly-compactable sediments; 0= 0.7 and c = 0.71), and sand (less-compactable sediments; 0= 0.49 and c = 0.27). These lithologies can be considered as upper and lower bounds for basinal sediments compaction. In addition to these parameters from the literature, which were adopted to evaluate the potential range of variation of generation of accommodation space, ad hoc compaction parameters were calculated. These were calculated using the method of Hölzel et al. (2008) , by arithmetically averaging (weighted average) the parameters of each lithology occurring in the deep-sea sediments. The calculated parameters are listed in Table   1 and are consistent with those calculated by Berra and Carminati (2010) for the same succession.
Owing to the variability of the basinal units (Fig. 9) , in a first case these sediments were considered (micrites and pelites) slightly less compactable than chalk. These compaction parameters are intended to simulate the behavior of very fine sediments deposited in distal areas (i.e., far from the prograding slope, where the input from the prograding platform is reduced). Owing to the presence in the study area of a significant amount of calcarenites in the basinal facies proximal to the prograding slopes (coarser sediments, where the influx of the prograding platform is higher), in a second case compaction parameters were calculated assuming a combination of coarser and less compactable lithologies (mudstone, calcarenites and pelites).
Another uncertainty concerns the maximum thickness of the compactable basinal sediments, as discussed earlier. For this reason, we simulated the evolution for two scenarios, characterized by maximum original thicknesses of compactable sediments of 150 m and 300 m respectively.
Because of the relatively small lateral extent of the model (few km), no isostatic corrections were applied. This choice is supported by the observation that the lithosphere does not flex under laterally small loads (Turcotte & Schubert, 2002) .
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Modelling results
Figures 12 to 15 show the modelled geometry of the Esino carbonate platform and of the adjoining deep-sea basin for the scenarios characterized by 150 m and 300 m thick basinal sediments. Figures   12 and 14 show the results assuming, in the compactable basin, sand and chalk lithologies taken from the literature, whereas figures 13 and 15 were produced assuming ad-hoc parameters for the Central Southern Alps, simulating proximal and distal basinal facies (Table 1 ). In the first case, no compaction related subsidence is predicted after the deposition of unit 5, whereas for the second scenario, post-deposition compaction related subsidence is portrayed in panel a and c of both 
Discussion
Similarly to what suggested by Doglioni and Goldhammer (1988) for Carnian deposits in the Eastern Southern Alps (Dolomite region), we propose that the observed accommodation space for the deposition of the wedge-shaped Calcare Rosso could be totally provided by compaction-related subsidence induced by the progradation of the early-cemented, uncompactable Esino carbonate platform onto compactable deep-sea sediments. The role of compaction on the growth-mode of the Esino Limestone has been recently investigated by Berra & Carminati (2012) 
Conclusions
When gradual changes in the thickness and facies distribution of karst-related facies on a flattopped, high-relief carbonate platform are in tune with changes in the facies of the underlying platform, it is possible to verify any possible control by the depositional architecture of the exposed platform. In the Southern Alps of Italy, the subaerially-exposed Esino Limestone shows higher accommodation space on the prograding edge of the platform (covering basinal fine-grained calciturbidites) with respect to its core: this change is recorded by the Calcare Rosso, increasing in thickness from 0 to 5 meters in the core of the platform to about 60 m toward the rim. To verify the possible contribution of compaction-induced subsidence above the prograding slope facies of the Esino Limestone, numerical models were developed, considering different scenarios. The results strongly support the hypothesis that compaction induced subsidence could explain both the changes in thickness of the Esino Limestone and its relationships with the stratigraphic evolution of the underlying platform. Field data and modelling suggest that the process of sediment compaction under a prograding platform could be a relatively gradual process, able to explain thickness changes also in younger successions. Compaction thus results to be an important process to explain changes in the distribution of accommodation spaces in depositional settings of known architecture. 
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